Purpose: To develop a 3-dimensional free-breathing cardiovascular MR technique for quantifying the variation in left ventricular end-diastolic volume (LVEDV) during the respiratory cycle. Methods: A 3-dimensional radial trajectory with double goldenangle ordering was used for free-running data acquisition during free breathing in healthy volunteers (N ¼ 8). A respiratory selfgating signal was extracted from the center of k-space, and data were retrospectively binned into eight respiratory phases in enddiastole. Three-dimensional image volumes with 2-mm isotropic spatial resolution were reconstructed with conjugate-gradient sensitivity encoding for acquisition durations of 4.5, 9, and 25 min. The LVEDV was manually segmented for each respiratory phase and acquisition duration. Results: Respiratory-induced variation expressed as minimum LVEDV (during mid-inspiration) relative to maximum LVEDV (during mid-expiration) was 5.9 6 0.3% for 4.5 min, 5.3 6 0.4% for 9 min (P ¼ 0.64 versus 4.5 min), and 5.0 6 0.4% for 25 min (P ¼ 0.25 versus 4.5 min, and P ¼ 1.00 versus 9 min). Conclusions: The proposed technique enables high spatialresolution quantification of the respiratory variation in LVEDV during free breathing in under 5 min, and was found to be 5 to 6% for healthy volunteers.
INTRODUCTION
Cardiovascular magnetic resonance (CMR) imaging has become a clinical standard method for assessment of cardiac function including measurement of left ventricular (LV) volumes with cine imaging, resolving the cardiac cycle with multiple images acquired during breath-holding.
Evaluation of the respiratory-induced variation in LV volumes using respiratory-resolved imaging, however, could add diagnostic information in diseases affecting the stiffness of the pericardium or ventricles where the variation in ventricular filling during respiration is changed (1) . Specifically, assessment of LV volumes and septal excursion during respiration could potentially help in differentiating constrictive pericarditis (CP) from restrictive cardiomyopathy. Patients with these conditions present with similar symptoms but different physiology, and require different treatment strategies.
In healthy individuals, low intrathoracic pressure during mid-inspiration increases the end-diastolic volume (EDV) of the right ventricle, pushing the septum further toward the left, and LVEDV correspondingly decreases. The intrathoracic pressure increases during mid-expiration limits filling of the right ventricle, and leads to a concomitant increase in LVEDV (2) .
This interventricular coupling is affected by stiffness in the pericardium or increased amounts of fluid in the pericardial space (1) . One of the few ways to differentiate CP from restrictive cardiomyopathy is assessment of respiratoryinduced variation in interventricular coupling, as this variation is exaggerated in CP and slightly decreased in restrictive cardiomyopathy compared with normal (3, 4) .
Previous CMR methods used for distinguishing CP from restrictive cardiomyopathy have involved strain measurements during breath-holding (4) and respiratoryinduced septal excursion in 2-dimensional (2D) images (3, 5) . Other CMR methods have studied the respiratory variation in cardiac function by measuring flow (6) and ventricular dimensions (7, 8) ; however, these methods provide either an indirect measure of ventricular filling or a measurement of local changes only. Furthermore, 2D techniques suffer from through-plane motion during respiration.
Measurements of respiratory-induced changes in LVEDV require free-breathing acquisition and would provide a direct and global measurement of the variation in interventricular coupling.
Techniques for measuring LV volumes during free breathing have been developed, but acquisition times have been too long and unpredictable for clinical use, and only reported for a single healthy volunteer (9) .
The standard measure of respiratory motion is a respiratory bellows signals from displacement of the upper abdomen (10) , which indirectly measures the respiratory motion from the surface of the body, and often the signal suffers from amplitude truncation (11, 12) . Internal respiratory motion measures have been suggested using the actual image data (13, 14) or a navigator acquisition (NAV) (15) (16) (17) . In NAV methods, the diaphragm position is typically tracked over time with a pencil-beam acquisition perpendicular to the lung-liver interface.
Both of these techniques generally use prospective gating, which often leads to excessively long and unpredictable acquisition times, and are sensitive to quick changes and irregularities in respiratory motion, and they have poor temporal resolution. Furthermore, between the NAV signal and the acquired data, a hysteretic effect has been shown to occur, and precise motion tracking therefore becomes more difficult (18) .
Respiratory data binning combined with retrospective respiratory gating from 3-dimensional (3D) radial trajectories has been used for coronary imaging (19) , liver imaging (20) , and cardiac cine imaging (21) , and has shown potential in optimizing the acquisition duration with free-running radial 3D acquisition, providing flexible and reliable respiratory self-gating information and isotropic voxels (20) (21) (22) . Respiratory self-gating in these studies was based on radial data acquisition, which uses the frequent sampling of k-space center for high motion sensitivity, and binning is made possible from goldenangle ordering of the acquired radial spokes. Cardiac cine imaging with double golden-angle acquisition, respiratory binning, and k-space-based self-gating has recently been evaluated for a single respiratory phase against gold-standard 2D breath-held cine for LV volumes in the cardiac cycle, including end-diastolic and systolic volumes, ejection fraction, stroke volume, and LV mass (21) . That study showed excellent agreement between LV end-diastolic volume by 2D breath-holding and the end-expiratory phase LVEDV from the same free-breathing 3D technique used in the current study. This agreement illustrates the validity of the volumetric measures of the current technique for at least one respiratory phase, compared with an independent reference standard.
This current study proposes an extension of the method presented in (21) for a free-breathing CMR technique for measuring respiratory-resolved LV volumes using a freerunning 3D double golden-angle radial acquisition and respiratory self-gating for retrospective data binning. The aim of the study is to evaluate the feasibility of measuring the maximum difference in LVEDV during the respiratory cycle in healthy volunteers and for three different acquisition durations of 4.5, 9, and 25 min. Because no gold standard exists for measuring respiratory-induced changes in LV volumes, the results from this study will be compared with previously published results.
METHODS
Data were acquired from eight healthy volunteers (age 28 6 3 years, 3 males). The study was approved by the regional human subject research ethics review board, and all subjects provided written informed consent.
k-Space Trajectory
Data acquisition was implemented as a free-running 3D double golden-angle radial trajectory (23) . The azimuthal and polar angle of each radial spoke in the trajectory was calculated based on two golden means (/ 1 ¼ 0.4656 and / 2 ¼ 0.6823) from the Fibonacci series (23, 24) in such a way that the same radial spoke was never sampled twice. / 1 and / 2 were calculated by solving an eigenvalue problem (23) with 15 digits to ensure high precision. A property of golden-angle sampling is that kspace has an approximately uniform coverage for any arbitrary consecutive number of radial spokes (23, 25) . The 3D double golden-angle radial trajectory was implemented in combination with a balanced steady-state free precession sequence to achieve strong myocardial/blood contrast, a high signal-to-noise ratio, and short repetition time (TR).
Radial sampling combined with short TR provides high temporal resolution updates of k-space center every few milliseconds (2.7 ms).
Data Acquisition
All healthy volunteers were scanned in a 1.5T CMR scanner (Aera, Siemens Healthcare, Erlangen, Germany) with two multichannel surface coils (spine and body coil, 30 active channels) during free breathing with the 3D double golden-angle radial trajectory for 25 min, covering several cardiac and respiratory cycles. Scan parameters were as follows: matrix 176 3 176 3 176, isotropic voxels 2 3 2 3 2 mm, TR/TE 2.7/1.3 ms, flip angle 65 , and 560,000 radial spokes. Thirty radiofrequency pulses with linearly increasing energy were used for ramp-up before the start of the acquisition. The steady state was maintained throughout the acquisition, and no fat saturation pulses were used. Because of the properties of double golden-angle distribution, only one acquisition was necessary, as acquisition durations of 9 and 4.5 min could be tested with a subset of the data from the 25-min acquisition, as illustrated in Figure 1a . A nonselective radiofrequency pulse was used, and the duration changed from 300 to 500 ms to keep specific absorption rates within clinically acceptable levels. The image volume was centered over the heart but not angled. The electrocardiogram and respiratory bellows signals were acquired simultaneously.
Respiratory Self-Gating
Retrospective respiratory self-gating signals were extracted from the k-space center point in each radial spoke from all of the 30 coil elements, giving a coil vector of 30 complex elements for each TR (Fig. 1b(1)) . A reference vector, r * , was constructed as the coil vector acquired in the middle of the acquisition. For each TR, the scalar product, zðtÞ, between the coil vector, v * ðtÞ, and the reference vector, r * , was calculated as an inner product:
where i denotes the coil element from 1 to 30, r is the complex conjugate of r * , and t ¼ m TR. A large absolute value of zðtÞ indicates that the vector, v * ðtÞ, was similar to the reference vector (i.e., they were in similar motion states). A quadrature band-pass filter was applied to zðtÞ in frequency domain featuring a tapered cosine window (26) , keeping only the positive frequencies ( Fig. 1b(2) ). The filtered result was a complex-valued analytical signal with cyclic instantaneous phase representing the respiratory phase in zðtÞ. The filter width was chosen as 0.5 Hz to ensure that the whole respiratory peak was covered without interfering with the direct-current component or cardiac frequency. Manual adjustment of the center frequency of the filter was done for each data set. The start and end of every respiratory cycle were found at the zerocrossings of the 2p-wrapped phase of the analytic signal.
The respiratory phase of the chosen reference vector led to a phase offset in each scan. The offset was determined manually by visual inspection of the bellows signal and adjusted so that the start of the respiratory cycle corresponded to mid-expiration, in which the LVEDV was expected to be maximal. Bellows signals reflect lung volume rather than respiratory pressure. Maximum respiratory pressure corresponds directly to maximum LVEDV, and corresponds to maximum decrease in lung volume (i.e., mid-expiration). Therefore, maximum LVEDV occurs during mid-expiration when the respiratory pressure gradient is highest, and minimum LVEDV occurs during mid-inspiration when the respiratory pressure gradient is lowest. The same phase offset was used for the entire acquisition, as it is dependent only on the choice of reference vector.
To get a measure of the stability of the breathing, the variation in duration of respiratory cycles was measured as mean 6 standard deviation for each volunteer. A 9-min acquisition was chosen for this, because this acquisition duration also provided the largest differences in image quality for different volunteers.
Binning and Acquisition Subsets
Three different subsets of the acquired spokes were used for data binning, to investigate the influence of acquisition duration on the segmentation performance. These were all spokes acquired in the first 4.5 min, first 9 min, and the full acquisition duration of 25 min.
For each of the three acquisition durations, all acquired spokes were binned into a 2D cardiac-respiratory motion map, as illustrated in Figure 1c . The respiratory cycle was divided into eight phases, and one of eight cardiac phases representing 70 to 82% of the cardiac cycle with respect to the R wave of the electrocardiogram, corresponding to the diastasis portion of diastole (Fig. 1c) . For simplicity, this phase of the cardiac cycle is referred to as end-diastole in this paper. In healthy volunteers, the respiration is usually smooth without rapid changes. Therefore, 8 bins were considered sufficient to capture the respiratory changes throughout the respiratory cycle. Similarly, the enddiastole is relatively long and stable, and therefore did not require high temporal resolution; 12.5 % of the cardiac cycle was deemed sufficient to adequately image the heart in this particular phase.
Compared with navigator methods, using the k-space center for self-gating has the advantage of high temporal resolution. Each spoke was treated independently from its neighbors, and all spokes were individually sorted according to the cardiac and respiratory phase for that particular spoke.
Image Reconstruction and LV Segmentation
Three-dimensional image volumes covering the whole heart were reconstructed with conjugate-gradient sensitivity encoding (27) with three iterations. The first 10,000 spokes were used for adaptive calculation of coil sensitivity maps as previously described (28) . Three iterations were chosen based on visual inspection of the image FIG. 1. Overview of image acquisition and reconstruction. a: Radial double golden-angle spoke acquisition was performed in 3D k-space, and individual radial spoke acquisitions are illustrated schematically (temporal resolution ¼ 2.7 ms per spoke) over time. Three different subsets of the spokes corresponding to 4.5-, 9-, and 25-min acquisitions were used for image reconstruction. b: The respiratory self-gating process involved sampling the k-space center over time (black circles) for each coil element (1), and these were combined into a 1-dimensional time signal, band-pass filtered (2) , and the angle of the filtered signal (3) corresponded to respiratory phase as shown in the respiratory bellows curve. c: All spokes corresponding to end-diastole at 70 to 82% of the cardiac cycle were binned into eight respiratory phases. (An elaborated illustration of the acquisition and reconstruction methods is shown in Supporting Fig.  S1 .) quality of each iteration result. The first three iterations clearly reduced the streaking artifacts from undersampling, but after four iterations more noise was introduced into the images, thus degrading the sharpness of the endocardial border.
Image stacks in the short-axis (SA), two-, three-, and fourchamber views were reconstructed. Before each reconstruction, the 3D k-space coordinates were rotated to avoid multiplanar reformatting in image space. Even though the resolution was isotropic, the interpolation from an additional multiplanar reformatting step would cause degradation in image quality. Because non-Cartesian gridding reconstruction was used, rotation of each k-space coordinate before gridding could be performed without any interpolation, thus avoiding such degradation. The rotation angle for the SA, two-, three-, and four-chamber views were identified manually.
To get fewer image slices for manual segmentation and to improve signal-to-noise ratio, four images of 2-mm thickness each were averaged to one image with 8-mm thickness for the respective image planes.
All segmentation was performed manually using the freely available software Segment 2.0 R5343 (Medviso, Lund, Sweden) (29) . Segmentation of the LV endocardial border was performed in end-diastole for all eight respiratory phases, eight volunteers, and three acquisition durations. All segmentation was performed by a single observer (K.H.) and reviewed by a second experienced observer.
Respiratory-Induced Change in LV Shape
The respiratory-induced change in LV end-diastolic shape was measured from the LV diameter in the septal-lateral direction and the anterior-inferior direction (Fig. 2) . For each volunteer, one mid-ventricular SA image during midinspiration and mid-expiration from 25 min of acquisition was used for the measurements. Mid-inspiration and midexpiration was chosen, as they reflect the largest respiratory pressure difference and thereby the largest difference in LVEDV.
For each image, the LV centroid point was identified automatically from the segmented endocardial border, and an anterior-inferior line was manually angled to intersect the centroid. The anterior-inferior diameter was then measured as the distance between the two points on the endocardial segmented border that intersected this line. The septal-lateral diameter was measured in the same way from a line in a 90
angle to the anterior-inferior line while intersecting the centroid.
Statistical Analysis
Continuous data are presented as mean 6 standard error of the mean. Differences between acquisition durations were tested with the Wilcoxon signed-rank test using MATLAB version R2016a (MathWorks, Natick, MA). A P value of less than 0.05 was considered statistically significant.
RESULTS

Self-Gating
An example of a respiratory self-gating signal is shown in Figure 3 (upper) , and the corresponding measured bellows in Figure 3 (lower). Note that the self-gating signal shows normalized respiratory phase between 0 and 1, and does not represent the respiratory amplitude but rather the respiratory phase. Phase 0 corresponds to midexpiration, corresponding to maximum expiratory LVEDV. Only 15 representative seconds of the respiratory signals are shown. On average, the number of spokes sorted into each bin for the 4.5-min acquisition was (mean 6 standard deviation) 1565 6 235 spokes, corresponding to 3.2% of the Nyquist limit; for the 9-min acquisition, 3133 6 365 spokes corresponded to 6.4% of the Nyquist limit; and for the 25-min acquisition, 8716 6 810 spokes corresponded to 18% of the Nyquist limit.
For the 9-min acquisition, the cycle duration was 3.
Images
Examples of four-chamber views during maximum expiratory LVEDV from two representative volunteers and three acquisition durations are shown in Figure 4 . Examples of such images from all eight volunteers are shown in Supporting Figure S2 .
A comparison of images during mid-expiration with maximum LVEDV, and mid-inspiration with minimum LVEDV, is shown in Figure 5 for the 9-min acquisition of one volunteer. Dashed delineation represents maximum LVEDV at mid-expiration, and solid delineation represents minimum LVEDV at mid-inspiration. Note the
Example of how the septal-lateral and anterior-inferior diameters were measured. The centroid (white point) was calculated as the centroid of the LV endocardial segmentation (white line). The anterior-inferior diameter was measured from intersections (blue points) between the segmentation and a line (red) that was manually aligned in the anterior-inferior direction while intersecting the centroid. The septal-lateral diameter was thereafter measured from intersections between the endocardial segmentation and a line perpendicular to the anterior-inferior direction, also intersecting the centroid.
difference in size and location and especially the shape of the septum. Figure 6 shows how the LV volume in end-diastole changes during the respiratory cycle for 4.5-, 9-, and 25-min acquisition. All data points are mean 6 standard error of the mean of all volunteers, and all volunteers are normalized to 100% maximum-expiratory LVEDV.
Respiratory-Induced Changes in LVEDV
The maximum LVEDV was 151 6 5 mL for 4.5 min, 156 6 5 mL for 9 min (P ¼ 0.05 compared with 4.5 min), and 159 6 5 mL for 25 min (P ¼ 0.11 compared with 4.5 min, and P ¼ 0.31 compared with 9 min). The minimum LVEDV was 141 6 5 mL for 4.5 min, 147 6 5 mL for 9 min (P ¼ 0.08 compared with 4.5 min), and 150 6 5 mL for 25 min (P ¼ 0.05 compared with 4.5 min, and P ¼ 0.31 compared with 9 min). The minimum and maximum LVEDV for different acquisition durations are shown in Figure 7 .
Respiratory-induced variation expressed as minimum LVEDV at mid-inspiration relative to maximum LVEDV at mid-expiration is shown in Figure 8 and was 5.9 6 0.3% for 4.5 min, 5.3 6 0.4% for 9 min (P ¼ 0.64 compared with 4.5 min), and 5.0 6 0.4% for 25 min (P ¼ 0.25 compared with 4.5 min, and P ¼ 1.00 compared with 9 min).
Respiratory-Induced Change in LV Shape
Septal-lateral mid-ventricular diameter for all volunteers was 48 6 0.7 mm in mid-inspiration (minimum inspiratory pressure and minimum LVEDV) and 52 6 0.6 mm in midexpiration (maximum expiratory pressure and maximum LVEDV). The change in septal-lateral diameter between mid-inspiration and mid-expiration relative to the diameter in mid-expiration was 7.9 6 0.4%. The anterior-inferior mid-ventricular diameter for all volunteers was 61 6 0.7 mm in mid-inspiration and 61 6 0.9 mm in mid-expiration. The change in anterior-inferior diameter between mid-inspiration and mid-expiration relative to the diameter in mid-expiration was 0.5 6 0.4% (P ¼ 0.02 compared with change in septal-lateral diameter).
DISCUSSION
This study proposes a 3D respiratory-resolved technique to image the heart. The free-breathing method allowed for measuring the respiratory induced variation in LVEDV in healthy volunteers.
Retrospective self-gating of the respiratory motion was feasible through coil combination and quadrature bandpass filtering of the k-space center data points of each spoke. The respiratory frequency was possible to differentiate from the rest of the frequency spectrum, and even a peak representing the cardiac frequency is visible   FIG. 3 . Comparison of respiratory self-gating signal (top) to the measured bellows signal (bottom). Top: The respiratory self-gating signal was extracted from the angle of the quadrature band-pass-filtered k-space center. The amplitude of the sawtooth function in blue corresponds to the respiratory phase between 0 and 100%, where the vertical blue lines correspond to mid-expiration. Each respiratory cycle was divided into eight respiratory phases (green numbers). Bottom: The bellows signal measured during data acquisition is shown in gray, where amplitude corresponds to the magnitude of inspiration/expiration. Note that the respiratory phase was assigned based on time in the respiratory cycle rather than the amplitude of the bellows signal. ( Fig. 1b(2) ). The self-gating signal fit the signal measured by the respiratory bellows (Fig. 3) , and zero phase in the self-gating signal corresponded to mid-expiration in the bellows signal for all cycles in all volunteers after correcting for the phase offset.
A limitation of this self-gating method is that calculation of the self-gating signal is based on a fixed band-pass filter for the entire acquisition, which might decrease respiratory gating accuracy in patients with varying respiratory frequencies or with irregular breathing patterns. The bandpass filter covered respiratory frequencies between 4 and 34 cycles per minute; thus, only extreme situations with long respiratory breaks would be difficult to detect. However, in patients this might pose a larger challenge, as respiratory patterns might vary more than in healthy volunteers. Thus, evaluation of the self-gating performance is warranted in future studies. With a more adaptive selfgating method, image reconstructions could potentially be improved retrospectively. Although the temporal resolution of 2.7 ms was not necessary for respiratory self-gating, it provides a future potential for cardiac self-gating.
The high temporal resolution of both the electrocardiogram and respiratory self-gating signal allows each acquired spoke to be treated individually during the binning process, which gives a high flexibility in designing the respective bin sizes. An advantage with this method is that the same acquired data could be used for respiratory-resolved reconstruction of any cardiac phase and even reconstructing images over the entire cardiac cycle in a given respiratory phase. It is also possible to vary the bin size during the respiratory cycle, to obtain higher temporal resolution during rapid changes and high signal-to-noise ratio images during phases of little motion.
As expected, the images showed improved image quality with increasing acquisition duration and less streaking artifacts when using a higher amount of data. The segmentation, however, did not seem to differ greatly as a result of the investigated levels of noise or streaking artifacts. This is important, as this study sought to investigate the ability to segment the endocardial border for different acquisition durations.
Differences in image quality between the individual volunteers are also apparent. A possible explanation for this is the nature of the respiratory self-gating technique used. The purpose of the self-gating was to differentiate the respiratory phase at a given instance in time, and did FIG. 5. A representative mid-ventricular short-axis slice extracted from a full-image volume covering the whole heart, from 25-min acquisition. Left: Mid-inspiration corresponding to minimum inspiratory pressure, and therefore minimum LVEDV. Middle: Mid-expiration corresponding to maximum expiratory pressure, and therefore maximum LVEDV. Right: Dashed (maximum LVEDV) and solid (minimum LVEDV) endocardial segmentations are superimposed to illustrate the respiratory-induced difference in ventricle size and shape. For this volunteer and acquisition duration, the minimum LVEDV was 230 mL, and the maximum LVEDV was 243 mL. this by normalizing the durations of each cycle and thus stretching some cycles. The self-gating did not account for difference in shape of the respiratory cycles or the respiratory amplitude. Visual inspection of the bellows signals suggested that volunteers with poorer image quality had larger variation of respiratory pattern during the acquisition, both in terms of depth and frequency. As a result of automatic gain adjustment in the bellows signal processing hardware, it was not possible to quantify the depth of the respiration, but the change in frequency was measured as a standard deviation in cycle duration from the respiratory self-gating signals. The highest variation in frequency were volunteers 2 and 7, with a standard deviation in cycle duration of 0.8 and 0.7 s, respectively. Four-chamber images, shown in Supporting Figure S2 for all volunteers, indicate that these are the two volunteers with the poorest image quality. Similarly, the two volunteers, 6 and 8, with the best image quality had some of the lowest standard deviations in cycle duration of 0.3 s in both cases. This might indicate that the shape of the cycles differs with cycle length and that the linear stretching of longer or shorter respiratory cycles might optimally put the respiratory phases into the respective bins. A potential future improvement of the method could be to reject deep or long respiratory cycles, retrospectively. Respiratory self-gating would likely benefit from including a measure of both the respiratory phase and amplitude, which would also enable detection of a possible direct-current drift.
During respiration, the highest pressure difference is between mid-inspiration, with the lowest intrathoracic pressure and lowest LV volume, and mid-expiration, with the highest intrathoracic pressure and highest LV volume. Figure  5 illustrates how the size and shape of the LV differs in these two situations. In particular, the septum moves leftward during mid-inspiration, where the low intrathoracic pressure increases venous return to the right side of the heart, and more rightward when the high intrathoracic pressure restricts venous return to the right side of the heart, thus increasing filling of the left side.
The results from this study also suggest that, when undergoing cardiac imaging with binning, it is likely important to distinguish between mid-inspiration and mid-expiration where the chest pressures are the most different, even though the respiration amplitude might be the same. Motion blurring could be introduced, especially near the septal wall, if grouping these two disparate respiratory states together. This is supported by Figure 3 , which shows respiratory bin 1 (mid-expiration corresponding to maximum LVEDV) and bin 6 (mid-inspiration corresponding to minimum LVEDV) have similar amplitudes in the bellows signal, whereas Figure 5 clearly shows these two respiratory phases give different size and shape of LV in end-diastole. Figures 6 and 8 furthermore show that the LVEDV differs with 5 to 6% between mid-inspiration and mid-expiration. These two phases are often treated as similar in other binning methods, but these findings suggest that they should be treated separately.
This respiratory variation in cardiac function was seen in all volunteers and similar findings have been reported (2, (6) (7) (8) (9) . Only one study has, to our knowledge, presented LV volumes resolved over the entire respiratory cycle (9) . In this study, only one healthy volunteer was examined and had a respiratory-induced change in LVEDV of 5.9%, and in septal-lateral end-diastolic LV a diameter of 7.8%, both of which corroborate our findings. The method presented here, however, has retrospective selfgating and a scan time less than a factor 4 of what is presented in (9) , making it more flexible and clinically feasible. The measurements of septal-lateral diameters in SA mid-ventricular images compared with anterior-inferior diameters support the findings in (3) that most of the respiratory-induced change in LV shape and EDV arises from a change in septal-lateral direction rather than anterior-inferior direction. In that study, a respiratoryinduced septal excursion in end-diastole was 7.0 6 2.4%, but was measured as the difference in right ventricular septal-lateral diameter between mid-inspiration and mid-expiration relative to the whole biventricular diameter. One study reported a hysteretic effect in diaphragm position between mid-inspiration and mid-expiration as a result of different shape of the diaphragm in these two phases, indicating that not only the internal dimensions of the heart changes during respiration, but also the angle of the whole heart (18) . This further strengthens our findings that these two phases should be treated separately.
The quantification of respiratory variation in LVEDV was performed by manual segmentation of the endocardial border; therefore, image registration was not necessary. However, Figure 5 also suggests that not only shape, but also position of the heart, might differ between midinspiration and mid-expiration, even though the diaphragm position would be expected to be similar. This further highlights the importance of not grouping these two phases together. Other methods for assessing the respiration with the purpose of binning (e.g., NAV methods) have the same potential of separating the inspiration from expiration, as long as the respiratory curve is sampled often enough to extract the phase. Often, the NAV-based methods rely solely on magnitude, and the inspiratory and expiratory slopes are often grouped together. Retrospective respiratory self-gating, as done here and by others (20) (21) (22) , has the advantage over prospective methods (6, 9) in that the respiratory phase is easier to assess, because information about the whole respiratory cycle is available.
Respiratory-induced variation in LVEDV is a continuous change that reflects the pressure changes, as shown in Figure 6 . It was possible to segment the LV endocardial border correctly, even for the 4.5-min acquisition. However, the difference between 4.5-and 9-min acquisition in maximum LVEDV, and the difference between 4.5-and 25-min acquisition in minimum LVEDV were borderline significant, both with P ¼ 0.05. However, the magnitude of these differences was small. These small variations might be caused by a less sharp endocardial border as a result of fewer radial spokes in the image reconstruction at shorter acquisition durations. Importantly, there was no difference in the relative respiratory variation in LVEDV among the three acquisition durations.
Acquisition durations of both 4.5 and 9 min were comparable to the standard cardiac cine acquisition performed during breath holding. For an experienced operator, planning and acquisition of a SA cine stack covering the whole ventricle as well as two-, three-, and four-chamber views can take up to 15 min. The free-breathing 3D acquisition presented here requires no angulation planning, and the isotropic image volume offers cardiac views in all arbitrary angles. However, data for eight cardiac phases were acquired in this study, and only the data in end-diastole was used, whereas clinical breath-holding methods typically acquire 25 cardiac phases. For free-breathing cardiac cine imaging to directly replace the clinical breath-held standard, fewer respiratory phases than were used in the current study would likely be required. Four respiratory phases might be sufficient to suppress respiratory motion artifacts; and to get bin size and thus image quality similar to the 9-min acquisition presented in this work, approximately 14 minutes of free-breathing acquisition divided into 25 cardiac phases and 4 respiratory phases should suffice. The advantage of retrospective self-gating and binning is that one data set of this length could potentially be used twice with reconstruction of different cardiac and respiratory resolution, and thereby provide isolated information of cardiac mechanical or respiratory pressure contributions to changes in LV volumes.
In this work, it has been shown that for large undersampling ratios of free-breathing and free-running 3D radial acquisition, it is possible to image the respiratory-induced changes in cardiac function in healthy volunteers. Potential clinical applications include the ability to distinguish between different types of stiffness pathologies in the myocardium and pericardium, to provide more accurate diagnosis and evaluation of treatment effects.
CONCLUSIONS
Free-breathing 3D respiratory cine imaging at end-diastole was able to measure the respiratory-induced variation in LVEDV. Variation in LVEDV during respiration was 5 to 6% for healthy individuals, similar to what has been reported in the literature. Segmentation performance was tested in three different acquisition times of 4.5, 9, and 25 min, and they all showed similar maximum LVEDV at mid-expiration, minimum LVEDV at mid-inspiration, and changes in LVEDV between these two respiratory phases. A 4.5-min acquisition is therefore adequate to obtain sufficient image quality for LV segmentation, and provides a new potential diagnostic tool for cardiac diseases involving stiffness changes of the myocardium or pericardium.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Overview of image acquisition and reconstruction. a: Radial double golden-angle spoke acquisition was performed in 3D k-space (left), and individual -poke acquisitions are illustrated schematically (temporal resolution 5 2.7 ms per spoke) over time (right). Three different subsets of the spokes (corresponding to 4.5-, 9-, and 25-min acquisition) were used for image reconstruction. b: The respiratory self-gating process involved sampling the k-space center over time (black circles) for each coil element (1), and these were combined into a 1-dimensional time signal, band-pass filtered (2) , and the angle of the filtered signal (3) corresponded to respiratory phase as shown in the respiratory bellows curve. c: All spokes corresponding to end-diastole at 70 to 82% of the cardiac cycle were binned into eight respiratory phases. d: Segmentation of LV endocardial border was done using image stacks in all four image views and for each of the three acquisition durations in each of the eight respiratory phases. Fig. S2 . Representative four-chamber image at maximum expiratory LVEDV from volunteers 1 through 8 and all three acquisition durations. From left to right the acquisition durations are 4.5, 9, and 25 min.
